Recent studies in higher plants or animals have shown that phospholipase D (PLD) signaling regulates many aspects of development, including organization of microtubules (MTs), actin and the endomembrane system. PLD hydrolyzes structural phospholipids to form the second messenger phosphatidic acid (PA). To begin to understand the signaling pathways and molecules that regulate cytoskeletal and endomembrane arrays during early development in the brown alga, Silvetia compressa, we altered PLD activity by applying butyl alcohols to zygotes. 1-Butanol activates PLD and is a preferred substrate, primarily forming phosphatidyl butanol (P-butanol), which is not a signaling molecule. Treatment with 1-butanol inhibited cell division and cytokinesis but not photopolarization or germination, suggesting an MT-based effect. Immunolabeling revealed that 1-butanol treatment rapidly disrupted MT arrays and caused zygotes to arrest in metaphase. MT arrays recovered rapidly following butanol washout, but subsequent development depended on the timing of the treatment regime. Additionally, treatment with 1-butanol early in development disrupted endomembrane organization, known to require functional MTs. Interestingly, treatment with higher concentrations of 2-butanol, which also activates PLD, mimicked the effects of 1-butanol. In contrast, the control t-butanol had no effect on MTs or development. These results indicate that S. compressa zygotes utilize PLD signaling to regulate MT arrays. In contrast, PLD signaling does not appear to regulate actin arrays or endomembrane trafficking directly. This is the first report describing the signaling pathways that regulate cytoskeletal organization in the stramenopile (heterokont) lineage.
Introduction
Silvetia compressa, a fucoid marine brown alga in the stramenopile lineage, has been utilized for investigating many aspects of cell biology for more than a hundred years (Bower 1880) . Fucoid algae are particularly useful model organisms for studying polarity establishment and asymmetric cell division (Quatrano 1997 , Brownlee et al. 2001 , Bisgrove and Kropf 2007 . The cytoskeleton and endomembrane system are critical for polarization of the zygote; targeting the endomembrane system to the future growth site relies upon dynamic microtubules (MTs) and a cortical actin patch that marks the rhizoid pole (Alessa and Kropf 1999 , Hable and Kropf 2005 , Hadley et al. 2006 . Targeted vesicle trafficking leads to polar deposition of adhesive and localized rhizoid outgrowth Kropf 1998, Belanger and Quatrano 2000) . Rhizoid morphogenesis, nuclear positioning and subsequent formation of a bipolar spindle require reorganization of MT arrays (Bisgrove and Kropf 1998) . Cytokinesis proceeds from the cell interior toward the cortex as in higher plants (Bisgrove and Kropf 2001b) . The plane of division is determined by an interdigitating MT array and a plate of actin that assembles in the cytokinetic plane (Bisgrove et al. 2003) . Both cytoskeletal arrays and vesicle trafficking are needed for deposition of partition membranes and the cell wall (Belanger and Quatrano 2000, Bisgrove and Kropf 2004) . While the organization of the cytoskeletal arrays and endomembranes in S. compressa has been documented, little is known about the signaling mechanisms that regulate these arrays. In this study we begin to address whether the phospholipase D (PLD) signaling pathway regulates cytoskeletal rearrangements and/or endomembrane organization during brown algal development.
PLD signaling affects numerous developmental processes in higher plants, yeast and animals (Meijer and Munnik 2003, Jenkins and Frohman 2005) . Environmental stimuli activate G-proteins that, in turn, stimulate PLD activity (Malho et al. 2006 , Oude Weernink et al. 2007b ).
PLD removes the head group of structural phospholipids and forms a covalent bond with the remaining phosphatidyl moiety (Munnik and Musgrave 2001) . This intermediate is subsequently converted to phosphatidic acid (PA) via PLD, transferring the phosphatidyl moiety to water (Oude Weernink et al. 2007a) . PA can also be formed by the phospholipase C pathway through phosphorylation of diacylglycerol or by dephosphorylation of diacylglycerol pyrophosphate (Wang 2004) . PA remains in the membrane and binds to and activates a host of target molecules that regulate cellular physiology (Meijer and Munnik 2003, Oude Weernink et al. 2007a) .
PLD signaling has been most extensively studied in yeast and animal cells where it primarily regulates actin arrays and trafficking of vesicles to and from the plasma membrane (Oude Weernink et al. 2007a) . PLD and PA are also thought to play important roles in higher plants, which have many more PLD genes (12 in Arabidopsis) than humans (two genes) or yeast (one gene), allowing for genespecific regulation of cellular responses (Munnik 2001) . In plants, embryo maturation, cell elongation, germination, senescence (reviewed in Meijer and Munnik 2003) and a host of stress responses (de Jong et al. 2004 , Vergnolle et al. 2005 have been shown to be regulated by the PLD pathway. As with animals, cellular targets of PLD signaling in plants include actin arrays (Motes et al. 2005 , Huang et al. 2006 ) and endomembrane trafficking (Monteiro et al. 2005) ; in addition, PLD regulates cortical MT arrays in plants (Dhonukshe et al. 2003 , Motes et al. 2005 .
PLD can be activated experimentally by treating zygotes with alcohols that stimulate G-proteins by promoting GTP binding (Munnik 2001) . Primary alcohols, such a 1-butanol, can promote PLD activity by this mechanism and are also transphosphatidylation substrates ( Fig. 1 ) (Munnik et al. 1995) . Since the primary alcohol is the preferred substrate, application of 1-butanol produces more phosphatidyl butanol (P-butanol) than PA (Munnik et al. 1995) . P-butanol is not a signaling molecule (Munnik and Musgrave 2001) . Secondary alcohols, such as 2-butanol, also stimulate G-proteins that activate PLD, but are not transphosphatidylation substrates (Munnik et al. 1995) . Tertiary alcohols, such as t-butanol, do not activate G-proteins nor are they transphosphatidylation substrates (Dhonukshe et al. 2003) .
To begin addressing whether the PLD-based signaling pathway is responsible for cytoskeletal and endomembrane rearrangements during development in brown algae, we applied butyl alcohols to S. compressa zygotes. We found that 1-butanol disrupted cell division but not germination or photopolarization, suggesting that PLD primarily signals MTs rather than actin arrays or endomembrane trafficking. Indeed, 1-butanol treatment rapidly and reversibly disorganized MT arrays. Treatment early in development also prevented polarization of endomembranes, presumably by disorganizing MTs. Prolonged treatment resulted in developmental arrest at the spindle assembly checkpoint. These results suggest that disrupting PLD activity in S. compressa quickly and dramatically alters MT organization, which in turn disrupts endomembrane organization and early development.
Results

1-Butanol does not affect germination but blocks cell division
Zygotes treated with 1-butanol, 2-butanol and t-butanol were examined for effects on development. Application of 1-butanol to S. compressa zygotes at 1 h after fertilization (AF) did not affect rhizoid germination at concentrations up to 0.2%, and only slightly reduced germination at higher concentrations ( Fig. 2A) . 2-Butanol and t-butanol treatments did not affect germination of zygotes.
In contrast, 0.1% 1-butanol treatment significantly reduced cell division, and concentrations of !0.2% inhibited nearly all division (Fig. 2B ). Treatment with 2-butanol had much less effect and only reduced division by and phosphatidyl-butanol (P-butanol). PA is formed by phospholipase D (PLD)-catalyzed hydrolysis of the head group of phosphatidylcholine or phosphatidylethanolamine, followed by transfer of the phosphatidyl moiety to water. Since 1-butanol is a preferred transphosphatidylation substrate, its presence preferentially leads to formation of P-butanol. P-butanol is not a signaling molecule.
Phospholipid signaling in brown algae30 AE 2.1% at 0.4% alcohol concentration, while t-butanol had no effect. We chose to utilize 0.2% butyl alcohol treatments for all further experiments, unless otherwise stated, because it was the lowest 1-butanol concentration that had maximal effect. Previous work has shown that cell division is dependent on MTs, actin arrays and endomembrane trafficking, while physical germination is dependent primarily on filamentous actin arrays and endomembrane trafficking (Kropf et al. 1999, Bisgrove and Kropf 2007) . Therefore, the observation that 0.2% 1-butanol inhibits division but not germination suggests that PLD primarily signals to MTs rather than to filamentous actin or endomembrane trafficking.
Photopolarization is not affected by butanol treatment
In order to discriminate further between PLD-based signaling to MTs, filamentous actin arrays and the endomembrane organization and trafficking system, we investigated butanol effects on photopolarization. Photopolarized zygotes germinate away from the light vector. Like germination, photopolarization requires dynamic actin arrays and endomembrane trafficking, but MTs play a more subtle role and are dispensable for physical outgrowth of the rhizoid tip (Quatrano 1973, Hable and . We tested the ability of butanol-treated zygotes to reverse their polar axes in response to reorientation of a light cue. Zygotes were photopolarized by exposure to unidirectional light (L1), treated with butanol and then exposed to L2, which was oriented 1808 from L1 (see Materials and Methods and Fig. 3A) . Following drug washout, zygotes were allowed to germinate in the dark and assayed for photopolarization to L2. Artificial seawater (ASW) controls, 1-butanol-, 2-butanol-and t-butanol-treated zygotes reoriented their rhizoid poles in accordance with the L2 vector (Fig. 3B) . As expected, the microtubule-stabilizing drug paclitaxel also had no effect on axis reorientation. In contrast, zygotes treated with the actin-depolymerizing drug latrunculin B failed to reorient and remained polarized in accordance with the L1 vector, as indicated by negative polarization values. These data further suggest that PLD primarily signals to MTs rather than to filamentous actin arrays.
1-Butanol treatment disrupts MT arrays
To determine whether MT arrays are affected by 1-butanol, 8-hour-old zygotes were incubated with 1-butanol and then chemically fixed, antibody labeled , and then placed in the dark and incubated with drugs for 1 h. Next, zygotes were exposed to a second light vector (L2) followed by drug washout and incubation in the dark to allow germination. Zygotes were scored for photopolarization in accordance with L2. (B) Zygotes in ASW, 1-butanol (1-but), 2-butanol (2-but), t-butanol (t-but) and paclitaxel were able to reorient their photopolarization axis to L2. Latrunculin B (LatB) prevented axis reorientation. Experiments were performed in triplicate; standard error bars are shown. See text for details.
for MTs and condensed chromatin, and viewed by confocal laser scanning microscopy (CLSM; Fig. 4 ). Untreated control zygotes displayed normal MT arrays; MTs nucleated from microtubule-organizing centers (MTOCs) associated with the nuclear envelope and extended radially through the cytoplasm to the cellular cortex (Fig. 4A ).
Within 5 min of treatment with 1-butanol, MTs began to appear fragmented, and by 30 min zygotes displayed numerous, very short MTs scattered throughout the cytoplasm (Fig. 4B , B 0 ). Over the next 1.5 h, the short fragmented MTs became longer and less numerous, and accumulated preferentially in the cell cortex (Fig. 4C , C 0 ). Zygotes treated with 1-butanol progressed through the cell cycle up to metaphase of mitosis. At this point, the zygotes arrested, unable to form a bipolar metaphase spindle, and appeared to possess bundled MTs at the cortex and condensed nuclear chromatin (Fig. 4D) . A cortex to nucleus projection showed MT fragments located exclusively in the cortex, with the exception of a small amount of diffuse MT labeling near the condensed chromatin (Fig. 4D 0 ).
Zygotes treated with 2-butanol did not exhibit any MT disruption at concentrations of 0.2% (data not shown). However, higher concentrations of 2-butanol mimicked the effects of 1-butanol treatment. Zygotes treated with 0.4% 2-butanol displayed prominent cortical MT arrays, and at 2-butanol concentrations of 0.6% MT arrays appeared nearly identical to those observed in zygotes treated with 0.2% 1-butanol. This finding is consistent with the observation that 2-butanol significantly reduced division at 0.4% (Fig. 2B) , and blocked division nearly completely at 0.6% (data not shown). In contrast, zygotes treated with t-butanol did not show any evidence of cortical MT arrays, even at alcohol concentrations up to 2.0% (data not shown). Butanol concentrations of !0.7% were increasingly toxic. As noted earlier, butanols were used at 0.2% in developmental experiments, and at this concentration only MTs in 1-butanol-treated zygotes were compromised. Together, these data confirm that disrupting PLD signaling leads to dramatic effects on MT arrays. 
Phospholipid signaling in brown algae
1-Butanol treatment inhibits cytokinesis
Since treatment with 1-butanol prior to mitosis activated the spindle assembly checkpoint (Fig. 4D, D 0 ), the inhibition of cell division observed in Fig. 2 was probably due to metaphase arrest. To examine whether disruption of PLD signaling inhibited cytokinesis directly, butyl alcohols were added after zygotes had successfully completed metaphase of mitosis. Alcohols were added when approximately 20% of zygotes had completed cell division (around 24 h AF). Addition of 0.2% 2-butanol or t-butanol had minor effects on cytokinesis, with 70.8 AE 15.1 and 97.6 AE 0.1%, respectively, of zygotes completing cell division by 48 h AF (Fig. 5) . In contrast, the addition of 1-butanol blocked further division nearly completely, consistent with rapid PLD-based signaling to MTs during cytokinesis.
Reversibility of 1-butanol is influenced by developmental timing
In order to determine whether the effects of 1-butanol were reversible, zygotes were treated with 1-butanol at 1 or 15 h AF, followed by washout at 24-24.5 h AF and evaluation of division (Fig. 6A) . ASW controls and 2-butanol-treated zygotes had nearly all divided by 48 h AF (Fig. 6B) . Interestingly, the ability of 1-butanol-treated zygotes to recover after washout depended on the treatment regimen. At the time of washout, zygotes were arrested at the spindle assembly checkpoint, regardless of whether 1-butanol was added at 1 h AF (prior to germination) or at 15 h AF (after germination). However, when 1-butanol was added at 1 h AF, only 29 AE 6.8% of zygotes were able to 
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Phospholipid signaling in brown algae complete division after washout. In contrast, addition of 1-butanol at 15 h AF did not block recovery; following washout 90.6 AE 3.3% of zygotes continued development and divided normally by 72 h AF (Fig. 6B) . Apparently, PLD signaling early in development is required for subsequent division.
To investigate the cellular mechanisms that prevent recovery when zygotes were treated early in development, MT arrays were examined during recovery. 1-Butanol was added at 1 h AF and washed out from 24 to 24.5 h AF. Surprisingly, MT arrays quickly recovered. Within 3 h following washout (27.5 h AF), nearly all zygotes possessed a well-formed spindle (Fig. 6C, D) , indicating that development resumed synchronously. However, spindle alignment was aberrant. In untreated zygotes, metaphase spindles are moderately well aligned with the growth axis, and by telophase the alignment is nearly perfect (Bisgrove and Kropf 1998) . The first cell division bisects the telophase array, and is therefore transverse to the growth axis (Bisgrove et al. 2003) . Zygotes recovering from 1-butanol treatment had nearly random metaphase spindle alignments (Fig. 6D) , averaging 59.8 AE 27.98 (n ¼ 234) from parallel to the growth axis of the zygote. As recovering zygotes progressed through mitosis they were able to correct the misalignment, and by telophase the alignment angle was 5.3 AE 11.98 (n ¼ 90) (Fig. 6E) . Most zygotes arrested in telophase had MT arrays that appeared morphologically normal, but with fewer MTs than untreated controls (Fig. 6E) . Arrested zygotes stained with FM4-64 did not to appear to possess any membranous material at the position of the presumptive division plane. The relatively few zygotes that divided possessed a well-aligned, transverse division plane (83.56 AE 15.48, n ¼ 38). In summary, the removal of 1-butanol permitted rapid recovery of PLD signaling, illustrated by the swift reformation of morphologically normal MT arrays. Therefore, the inability of zygotes treated at 1 h AF to divide after washout may not be directly caused by MT disruption.
1-Butanol affects endomembrane organization in young zygotes but not in germinated zygotes
Since MTs have recently been shown to organize endomembranes in young zygotes (Hadley et al. 2006) , we further investigated the differential temporal effects of 1-butanol treatment by examining endomembrane organization in zygotes treated at 1 and 15 h AF. Prior to germination, the endomembrane system gradually reorganizes from a uniform to a polar array, with preferential membrane accumulation in the rhizoid hemisphere (Hadley et al. 2006) . Following germination, the endomembrane system further consolidates into a cone radiating from the nucleus to the rhizoid tip (Belanger and Quatrano 2000) . 2-Butanol-treated zygotes possessed a well-developed endomembrane cone at 16 and 24 h AF (Fig. 7A, B) . However, the endomembrane organization of zygotes treated with MT-disrupting drugs was dependent on the developmental stage at the time of treatment. Endomembranes in zygotes treated with 1-butanol at 1 h AF were uniformly distributed throughout the zygote when assessed at 24 h AF (Fig. 7C) . In contrast, treatment with 1-butanol at 15 h AF, after endomembrane polarity was established, appeared to have little or no effect on organization of the endomembrane system at 24 h AF (Fig. 7D) . In order to exclude the possibility that the differential effects of 1-butanol treatment on endomembranes and development were due to the duration of drug incubation, zygotes were treated at 15 h AF and incubated for an additional 24 h. These zygotes displayed normal endomembranes and most successfully divided following washout (data not shown).
Treatment with the MT-stabilizing drug paclitaxel had effects on endomembrane organization similar to those of 1-butanol, preventing endomembrane localization to the rhizoid when added at 1 h AF, but having little effect when added at 15 h AF (Fig. 7E, F) . Similar effects were also observed when MTs were depolymerized by treatment with oryzalin ( Fig. 7G, H) . Zygotes with disorganized endomembranes germinated, but their rhizoids were broader (Fig. 7C , E, G) than rhizoids of zygotes with polarized endomembranes (Fig. 7A, B, D, F, H) . Previous results have shown that disrupting MT arrays in polarizing zygotes leads to delocalization of endomembranes within 30 min of treatment (Hadley et al. 2006 ). We were therefore surprised to find that MT perturbation after polarity had been fixed had little effect on endomembrane organization. This suggests that MTs are fundamental to organization of endomembranes in polarizing zygotes, but play a less significant role in endomembrane organization following germination. These data further suggest that the inability of zygotes treated early in development to divide following washout may be related to disorganization of the endomembrane system.
MTs are required for separation of centrosomes
In fucoid zygotes, centrosomes are inherited paternally and separate around the zygotic nucleus following karyogamy (Bisgrove et al. 1997) . It has been difficult to examine the role of MTs in centrosomal separation because most agents that perturb MTs are poorly reversible. However, the rapid reversibility of 1-butanol treatment on MT arrays provides a unique opportunity to examine the role of MTs in centrosomal separation directly.
A typical zygote nucleates MTs from the entire surface of the nucleus until the paternally inherited centrioles become MTOCs (centrosomes) at about 4 h AF (Bisgrove and Kropf 1998) . At this time, the two centrosomes appear Phospholipid signaling in brown algaeas a single focus and MTs nucleated from the nuclear envelope gradually disappear. The centrosomes slowly separate around the nuclear envelope and by 15 h AF they reside on opposite sides, 1808 apart (Bisgrove and Kropf 1998) . To examine the role of MTs in centrosomal separation, 1-butanol was applied in a pulse from 4 to 15 h AF and centrosomal positioning was measured at the end of the treatment and during recovery (Fig. 8A) . At the time of washout, 15 h AF, few if any zygotes displayed two distinct centrosomes, suggesting that centrosomes failed to separate when MTs were disrupted. The appearance of two distinct centrosomes began 1 h after drug washout and peaked at 3 h after washout (Fig. 8B) . By 5 h after drug washout, two centrosomes, fully separated to 1808, were present in most zygotes. Beyond 5 h, bipolar spindles appeared as zygotes entered metaphase of mitosis. Thus, centrosome separation can occur very rapidly and is clearly dependent upon functional MTs. It is likely that centrosome separation also requires motor proteins which slide interdigitating MTs apart (Peters and Kropf 2006) .
Discussion
PLD signals to MTs
Chemical fixation and immunolabeling of S. compressa zygotes revealed that 1-butanol treatment severely disrupted (B) Transitions in MT arrays following washout. Just after drug washout, as MTs began to reform, the centrosomes appeared as a single focus, or were not discernible as the MTs had yet to form distinct arrays. These arrays were classified as 'other'. MT arrays then rapidly transited from two centrosomes 51808 apart to two centrosomes fully separated, to metaphase spindles. The experiment was done in triplicate, and bars represent standard errors. 
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Phospholipid signaling in brown algae MT arrays, resulting in rapid MT fragmentation followed by formation of heavily bundled cortical MTs. The developmental effects of 1-butanol were consistent with abnormal MT arrays; treatment prevented endomembrane polarization, induced broadening of the rhizoid tip, led to metaphase arrest and blocked cytokinesis. Each of these is known to result from MT disruption (Bisgrove and Kropf 2004 , Hadley et al. 2006 , Peters and Kropf, 2006 , and our current results demonstrate that centrosomal separation around the nuclear envelope is also MT dependent. Taken together, these findings indicate that the PLD pathway signals to the MT cytoskeleton and thereby regulates MT-dependent developmental processes. In contrast, PLD is unlikely to signal directly to actin or to endomembranes. Disruption of actin arrays or vesicle trafficking blocks photopolarization and rhizoid outgrowth Kropf 1998, Hable et al. 2003) , but 1-butanol-treated zygotes photopolarized and germinated properly. Since the inhibition of endomembrane polarization by 1-butanol was mimicked by other MT inhibitors, it is likely that endomembrane polarization requires functional MTs, but is not regulated through PLD signaling directly. In animals, PLD has been shown to work in concert with phosphoinositide 5-kinase (PIP5K) and is regulated by protein kinase C (PKC), small GTPases of the ARF, Rho and Ras families, and by phosphatidylinositol-4,5-bisphosphate (PIP 2 ) (Powner and Wakelam 2002 , Oude Weernink et al. 2007a , Oude Weernink et al. 2007b . Disrupting PLD signaling affects many receptor-mediated cellular processes including actin organization, endocytosis, exocytosis, vesicle trafficking, calcium mobilization, glucose transport, superoxide production, mitogenesis and cell survival (reviewed in Oude Weernink et al. 2007a , Oude Weernink et al. 2007b ). However, evidence for PLD signaling to MTs in animals is lacking.
Research on PLD signaling in higher plants has been complicated by the fact that plants have 12 PLD genes, many of which possess overlapping functions (Munnik and Musgrave 2001) . Since production of mutants with distinct phenotypes has been slow, utilizing chemical disrupters of PLD signaling, such as 1-butanol, has commonly been employed. These studies indicate that higher plants, like animals, utilize PLD signaling for complex regulation of actin arrays (Kusner et al. 2003 , Motes et al. 2005 and endomembrane organization (Monteiro et al. 2005 ). In addition, PLD appears to signal MTs in plant cells (Dhonukshe et al. 2003 , Motes et al. 2005 , Hirase et al. 2006 .
Interphase plant cells possess an extensive cortical MT array that girdles the cell with MTs oriented transverse or helical to the cellular growth axis (Wasteneys 2002 , Paradez et al. 2006 , Murata and Hasebe 2007 . During division, MTs form a cortical pre-prophase band that accurately predicts the division plane, and following mitosis a MT-based phragmoplast guides deposition of a partition membrane. Several studies have described the effects of 1-butanol treatment on these plant MT arrays (Dhonukshe et al. 2003 , Gardiner et al. 2003 , Motes et al. 2005 , Hirase et al. 2006 , Komis et al. 2006 . Treatment with 1-butanol led to disruption of interphase, pre-prophase and phragmoplast MTs, while not affecting spindle MTs in tobacco BY-2 cells (Dhonukshe et al. 2003) . Interphase cortical MT arrays of BY-2 cells became dissociated from the cell cortex following 1-butanol treatment, and partially depolymerized (Dhonukshe et al. 2003 , Hirase et al. 2006 . MT arrays in Arabidopsis roots, hypocotyls and cotyledons also became disorganized following 1-butanol treatment, but they did not appear to depolymerize (Gardiner et al. 2003 , Motes et al. 2005 . As expected, 1-butanol treatment perturbed several MT-based processes in plant growth and development, including cell expansion, root elongation, root hair formation and cell viability (Gardiner et al. 2003 , Motes et al. 2005 .
Two models have been proposed to explain the effects of 1-butanol on MTs in higher plants. The first model focuses on PA levels downstream of PLD. 1-Butanol is preferred over water as a transphosphatidylation substrate for PLD (Munnik et al. 1995) , resulting in formation of more P-butanol than PA (Munnik et al. 1995) . It has been suggested that the effects on plant development and MT arrays is due to a reduction in PA levels (Gardiner et al. 2003) . This is an attractive hypothesis since PA is a second messenger and has been shown to regulate seed germination, stomatal movements, senescence and responses to osmotic stress, wounding and pathogens (Meijer and Munnik 2003 , de Jong et al. 2004 , Vergnolle et al. 2005 . Further support is provided by the observation that the developmental defects caused by 1-butanol treatment can, in some cases, be reversed with addition of exogenous PA (Potocky´et al. 2003 , Komis et al. 2006 . However, this model is based on the assumption that 1-butanol treatment lowers PA levels, which has not yet been demonstrated.
The second model proposed to explain the effects of 1-butanol on plant cells postulates that the effects on cortical MT arrays are due directly to activation of PLD (Dhonukshe et al. 2003) . A 90 kDa microtubule-associated protein (MAP) was recently identified as a PLD in Arabidopsis and was shown to decorate MTs at every stage of the cell cycle (Gardiner et al. 2001) . Interestingly, it was also found to be closely associated with the plasma membrane in the absence of MTs (Gardiner et al. 2001) . Based on these observations, it has been suggested that the reaction intermediate, in which PLD is covalently bonded to the substrate phospholipid, also binds MTs. In this way PLD would link MTs to the plasma membrane, providing stability to cortical MT arrays and a means for rapid Phospholipid signaling in brown algaesignaling to MTs (Dhonukshe et al. 2003) . PLD activation is postulated to release the MT-plasma membrane link, forming PA. While the observation that activating PLD by 1-butanol disrupts cortical MT arrays supports the PLD activation hypothesis, direct evidence has yet to show that PLD links MTs to the plasma membrane. On the contrary, Hirase et al. (2006) observed that MTs in membrane ghosts of BY-2 cells were still closely associated with the membrane after 1-butanol treatment.
How might 1-butanol induce the dramatic effects observed in S. compressa zygotes? Unlike higher plants, S. compressa zygotes have centrosomally nucleated MT arrays. However, the two arrays are similar in that MTs interact laterally with the plasma membrane. Using CLSM, we have observed MTs that extend from centrosomes to the cell cortex and then turn and run along the inner membrane surface (Bisgrove and Kropf 2001a) . Recently, cortical MTs were described in living zygotes of the closely related fucoid alga, Fucus serratus, and these MTs were thought to be nucleated cortically (Corellou et al. 2005 ). At present we can only speculate on the mechanism by which 1-butanol induces loss of endoplasmic MTs and formation of cortical bundles. Initially 1-butanol induces a rapid fragmentation of MTs throughout the cytoplasm, from cortex to nucleus. This fragmentation may be due to a diffusible signal that globally activates MT severing. This signal is unlikely to be PA itself since PA remains membrane bound. MT fragments have uncapped ends and are therefore unstable, and probably depolymerize. However, fragments in the cell cortex may be stabilized by interactions with plasma membrane proteins that normally anchor cortical MTs. These fragments could then polymerize and become bundled by as yet unknown MAPs. In addition, it is plausible that new MTs are nucleated cortically.
Effects of 1-and 2-butanol on MTs may be due to PLD activation 1-Butanol activates PLD and is a preferred transphosphatidylation substrate (Munnik et al. 1995) . Addition of 2-butanol has been shown to activate PLD, while not being a transphosphatidylation substrate (Munnik et al. 1995) , and is therefore used as a PLD activation control (Gardiner et al. 2003) . We found that the MT-based effects of 2-butanol at a concentration of 0.6% appeared to mimic the effects of 1-butanol at 0.2%. Neither of these concentrations was toxic to zygotes. Also, t-butanol, which does not activate PLD and is not a transphosphatidylation substrate, did not disrupt MT arrays even at a concentration of 2.0%. Since both 1-and 2-butanol activate PLD but have unknown effects on PA levels, their primary effects on MTs may be due to PLD activation. The higher concentration of 2-butanol needed to disrupt MTs may indicate that it is a less potent activator than 1-butanol.
To address these issues, we plan to examine the effects of other activators of PLD, such as mastoparan (Munnik et al. 1998 ), on MT arrays and to use thin-layer chromatography to examine the levels of PA and P-butanol following 1-and 2-butanol and mastoparan treatments.
Conclusions
We have found that the PLD pathway directly signals to MTs, and indirectly affects organization of endomembrane arrays in polarizing zygotes. Inhibitor studies suggest that the PLD pathway does not play a major role in signaling to actin-dependent processes. However, subtle effects of butanol treatment on actin organization and function have not yet been examined. This is the first report of a signaling pathway responsible for cytoskeletal organization in stramenopiles.
Materials and Methods
Sexually mature receptacles of the fucoid algae S. compressa were collected near Santa Cruz, California and cultured as in Peters and Kropf (2006) . Zygotes were grown in ASW with unidirectional light until harvest, unless otherwise noted.
Pharmacological agents were dissolved in dimethylsulfoxide (DMSO) to make stock solutions, and applied to zygotes in ASW as follows: latrunculin B (Calbiochem, La Jolla, CA, USA), 50 mM stock, 30 nM final; paclitaxel (Sigma-Aldrich, St Louis, MO, USA), 10 mM stock, 5 mM final; oryzalin (Sigma-Aldrich), 10 mM stock, 3 mM final. Butyl alcohols (Sigma-Aldrich) were applied directly. Appropriate controls were carried out using DMSO or non-primary butyl alcohols.
Photopolarization was analyzed as follows. Zygotes were initially photopolarized by exposure to unidirectional light (L1) until 5 h AF; butanols were then applied and the zygotes were placed in the dark for 1 h. Beginning 6 h AF, zygotes were exposed to L2, which was oriented 1808 from L1, for 4 h. Drugs were washed out at 10 h AF and zygotes were placed in the dark. At 24 h AF, photopolarization to L2 was assayed. The percentage photopolarization was ascertained by scoring the number of zygotes germinated on the hemisphere shaded during L2 minus the number of zygotes germinated on the hemisphere shaded during L1, divided by the total number of zygotes scored, and then multiplied by 100 [(#L2 À #L1/total) Â 100]. Therefore, a photopolarization of 100% indicates that all zygotes polarized to L2, 0% indicates that the population polarized randomly, and negative 100% indicates that every zygote polarized to L1.
To image endomembranes, zygotes treated with the vital membrane stain FM4-64 (Molecular Probes Inc., Eugene OR, USA; 20 mM stock in DMSO, 5 mM final) for 30 min were subsequently imaged using conventional epifluorescence microscopy with a 577.5-632.5 nm bandpass emission filter (Chroma Technologies, Brattleboro, VT, USA). Images were captured with a coolSNAP digital camera (Roper Scientific Photometrics, Tucson, AZ, USA) on an Olympus IMT2 microscope.
Zygotes prepared for immunofluorescence microscopy of MTs and condensed chromatin were fixed in PHEM [60 mM piperazine-N, N 0 -bis(2-ethanesulfonic acid), 25 mM HEPES,
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Phospholipid signaling in brown algae and 0.5% glutaraldehyde. Zygotes were processed as previously described (Peters and Kropf, 2006) . MTs were labeled with a monoclonal anti-a-tubulin antibody (DM1A: Sigma) and Alexa 488 goat anti-mouse secondary antibody (Invitrogen, Eugene, OR, USA). Condensed chromosomes were labeled with a polyclonal anti-histone H3 (pSer10) antibody (Calbiochem, San Diego, CA, USA), followed by Alexa 546 goat anti-rabbit secondary antibody. For double labeling, primary antibodies were added simultaneously, as were secondary antibodies. Images were collected on an LSM510 (Carl Zeiss Inc., Thornwood, NY, USA) confocal laser scanning microscope using a narrow bandpass filter for MTs ( ¼ 500-530 nm) and a Meta adjustable bandpass filter ( ¼ 558-601 nm) for condensed chromatin.
